Purpose The hypothesis of our study is that a routine tibial cut during cruciate retaining TKA may result in a partial or a total removal of the PCL footprint. Therefore providing a reliable landmark is essential to estimate the probability of PCL damage with a tibial cut and to enable the surgeon to decide pre-operatively whether a cruciate retaining implant design is suitable. Methods In a case series of 175 cruciate retaining TKA, the routinely made standing postoperative AP-view radiographs were evaluated to determine the distance between fibula head and tibial cutting plane. In a second case series knee MRI of 223 subjects were consecutively used to measure the vertical distance between tibial attachment of PCL and fibula head. The probability of partial or total PCL damage was calculated for different vertical distances between tibial cut and fibula head. Results The vertical distance between the tibial cut and the most proximal point of the fibula head averaged 6.1 mm ±4.8 mm. The mean vertical distance from fibula head to proximal and to distal PCL footprint revealed to be 11.4 mm ±3.7 mm and 5.4 mm ±2.9 mm, respectively. The location of the insertion was not significantly different between subgroups such as age (<50 or >50 years), gender and side. Based on our results 11 (7 %) knees were considered at high risk of an entire PCL removal after implantation of a cruciate retaining TKA design.
Introduction
The role of posterior cruciate ligament in primary total knee arthroplasty has been controversially discussed [5, 8, 12, 13, 31] . According to the reported clinical data, significant outcome differences between cruciate retaining and cruciate substituting total knee replacement does not exist [5, 8, 12, 13] . Possible advantages of the cruciate retaining technique are proprioceptive function [17] , physiological kinematics [8, 15] and stabilisation of extension and flexion gap. However, flexion instability after cruciate retaining total knee arthroplasty due to insufficient PCL is associated with pain and poor clinical outcome [20, 33] .
Due to the difficult exposure of the PCL with a routine TKA approach, the extension of the PCL-footprint damage can sometimes only be estimated after performing the tibial osteotomy. Providing reliable landmarks seems essential to enable the surgeon to predict preoperatively or intra-operatively the risk of PCL damage with a routine tibial cut during TKA.
Several recent papers described the anatomical characteristics of the femoral and tibial PCL attachments relative to numerous intra-articular landmarks [1, 10, 30] . To our knowledge these intra-articular landmarks have not been evaluated in severe osteoarthritic deformed knees to predict the location of the tibial PCL insertion prior to total knee arthroplasty.
Few authors reported that the PCL footprint is partly or totally removed during a routine tibial cut [7, 26] . Feyen et al. [7] performed a 9-mm tibial cut with 3 degrees of posterior slope in 20 cadaver tibiae and quantified the consecutive PCL attachment resection. On average 68.8 %±15.3 % of the PCL footprint area was removed. Shannon et al. [26] described the location of the tibial PCL insertion relative to fibula head on MRI prior to TKA in 22 cases and determined postoperatively the vertical distance between fibula head and tibial cutting plane on lateral view radiographs. One-third of their patients had a complete PCL removal after cruciate retaining total knee replacement. However, the small number of cases included in the previously published studies does not provide a solid base to accurately describe the relative frequency or probability of PCL damage.
Therefore in a large patient collective the first aim of the present study is to quantify the vertical distances between tibial cutting plane and fibula head after cruciate retaining TKA. Our second purpose includes the measurement of the distance between tibial PCL attachment and fibula head. The probability of a partial or a total removal of the PCL footprint with a routine tibial cut was determined.
Patients and Methods
In the first consecutive case series 175 patients were included after undergoing primary cruciate retaining total knee arthroplasty for osteoarthritis. Seven knees were excluded due to inadequate radiographs. A modular cemented PFC cruciate retaining prosthesis design (DePuy Orthopaedics, Inc, Warsaw) was implanted. All procedures were performed with medial parapatellar approach. A fixed posterior slope of 3 degrees was planned for all knees. A standard tibial cut was performed and a specific attention was paid to maintain the joint line and to restore the leg alignment. Within the first postoperative week a standing, calibrated AP view radiograph was performed for each patient. A Syngo fast view software (Siemens AG, Erlangen, Germany) was applied to carry out the measurements. The distance from the most distal point on medial and lateral femoral condyles to the horizontal line passing through the tip of fibula head and perpendicular to the mechanical axis of tibia has been measured on AP view radiographs (Fig. 1a) . Out of the medial and lateral distances the average distance between the fibula head and the distal femur component was calculated for each patient, which corresponds well to the middle of the tibial cutting plane. In order to calculate the magnification factor tibial component height provided in the patients electronic file was divided by tibial component height measured on native radiographs (Fig. 1b) . The magnification factor averaged 0.95 (SD±0.1).
The distance between fibula head and tibial cutting plane was calculated with the following formula:
Distance fibula head to tibial cutting plane ¼ Magnification factor x Distance fibula head to femur condyles-Height of tibial component To evaluate the intra-and interobserver reliability of our native radiographic determination method of the distances between fibula head and tibial cutting plane, each of the two observers conducted their measurements twice independently in 30 cases. The measurement accuracy of the utilized ruler was 1 mm. The intra-and interobserver reliability determined with Cronbach's α was 0.87 and 0.94, respectively.
In a second series of 223 consecutive knee joints, MR images were analysed in a retrospective study; 23 knees were excluded. Exclusion criteria were PCL tear, fracture, age <18, missing landmark such as fibula head, knee in flexion, poor MRI quality. The demographics are illustrated (Table 1 ). All patients had undergone MRI according to standards in the supine position and with fully extended knee joints. All MR images were performed between September 2011 and September 2012 using a 1,5-Tesla scanner (Magnetom Avanto, Siemens Healthcare Sector, Erlangen, Germany). The following sequences were available: T1-TSE, T2 and TIRM. For the purpose of this work, T1-TSE with a matrix of 320×100 and a resolution of 0.4×0.4×3.0 was selected to analyse the images in coronal, sagittal and axial view. After uploading the images into the OSIRIX software program the measurements were conducted on a three-dimensional multiplanar reconstruction (MPR) as follows. The axial plane was adjusted parallel to the distal femoral condylar line, whereas the coronal plane was parallel to the posterior condylar line. The longitudinal axis of the PCL was displayed on the sagittal plane. Distances were determined after selecting the landmarks and sequentially moving towards the area of interest within the defined planes. Vertical or horizontal lines were drawn parallel or perpendicular to the tibial longitudinal axis. The vertical distance between the most proximal point of the fibula head to the most distal and most proximal point of the PCL was measured on the sagittal plane (Fig. 2) .
For the first ten patients two observers performed the measurements on MR images independently twice. The intra-and interobserver measurement reliability was with Cronbach's-α 0.8 respectively.
Since the evaluated radiological data were collected retrospectively from patients' electronic records, an ethical approval was not necessary.
The following assumptions were made. If the tibial cut was below the most distal point of the PCL, the tibial footprint was considered totally removed. If the tibial cut was located within the proximal and distal tibial insertion points a partial removal was implied. A tibial cut above the most proximal point of the tibial footprint indicates a total PCL preservation.
Statistical analysis
The SAS software (9.1) and Excel (Version 2007) were used for statistical analysis. Average, median, range, standard deviation and distribution were calculated for each variable. After analysing the data for normal distribution (Excel:Normvert), Student's t -test was used to evaluate differences between subgroups such as gender (female/male), age (<50y/>50y), and side (right/left). Statistical significance was set at a pvalue of<0.05.
The relative frequency of distances between most proximal/most distal point of the PCL footprint and fibula head was calculated for the patient collective to estimate the probability (P) of partial or total PCL damage with a certain tibial cut. For a tibial cut the probability of the partial (blue) and total (red) PCL damage are visualized (Fig. 5) .
Results

Relationship between tibial cut and fibula head
The vertical distance between the tibial cutting surface and the most proximal point of the fibula head averaged 6.1 mm ±4.8 mm (Fig. 3) .
Relationship between PCL footprint and fibula head
The mean vertical distance between the lowest aspect of the tibial PCL insertion and the tip of the fibula head was 5.4 mm ±2.9 mm. The average vertical distance between the most proximal point of the PCL footprint and the tip of the fibula head measured 11.4 mm ±3.7 mm (Fig. 4) .
Between the subgroups such as age (<50 or >50 years), gender and side, a statistically significant difference of the distance between PCL footprint and fibula head was not found.
Probability of PCL damage
If the tibial cut was 1 mm below the highest point of the fibula head, there is a high probability of removing the PCL entirely. In 11 cases (7 %) the tibial cut was more than 1 mm below the level of the fibula head, suggesting a total PCL removal. On the other hand if the tibial cut was 5.7 mm above the top of the Fig. 1 a 1 horizontal line perpendicular to tibial mechanical axis, 2 medial and 3 lateral vertical distances between femur condyles and fibula head. b 2 medial and 3 lateral distances between tibial cutting plane and femur condyles which corresponds to height of tibial component fibula head, there is a 50 % chance of total PCL disruption (Fig. 5 ).
Discussion
Our main results reveal an average vertical distance between fibula head and PCL footprint to be distally 5.4 mm and proximally 11.4 mm. One of the most important findings of this work is that the location of the PCL footprint relative to fibula head can be well predicted independently of age, gender or side. Therefore it provides the surgeon the ability to estimate the amount of PCL damage with a certain tibial cut preoperatively on native AP radiographs. As in our case series, 11 (7 %) knees had a high probability of complete tibial PCL insertion damage after cruciate retaining TKA. The question whether to retain, sacrifice or substitute the PCL in primary total knee arthroplasty remains debatable [12] . Comparable excellent clinical results have been published for both cruciate retaining as well as cruciate substituting TKA [3, 4, 6, 12, 14, 18, 21, 25, 27, 28, 33] . Since the PCL preserving TKA-design provides less conformity between the articulating tibial and femoral components, a balanced PCL with sufficient interaction between anterolateral and posteromedial bundles is crucial to prevent a posterior displacement of the tibia and allow for more physiological kinematics of the knee. Yue et al. [34] described the in vivo function of the PCL before and after a cruciate retaining TKA. Their reported data suggest that currently available cruciate retaining implant systems and surgical techniques may not restore the natural biomechanics of the PCL bundles. Balancing of the PCL is technically demanding and it might in certain cases impede equal and rectangular flexion/extension gaps [24] . Tight or imbalanced flexion gap due to unreleased PCL increases the load on the posterior aspect of the polyethylene insert or causes a unilateral femur condyle lift off which might lead to early failure [22, 29] . A stepwise partial release of the PCL after cruciate retaining TKA improved flexion ability and reduced excessive femoral roll-back [2] . In cases of insufficient PCL after cruciate Number of knees Distance fibula head-tibia plateau (mm) Fig. 3 Distribution of the vertical distance between fibula head and tibial cutting surface (+ cutting surface above fibula head, − cutting surface below fibula head) Number of knees Distance fibula head-PCL (mm) Fig. 4 Distribution of the vertical distance between fibula head and proximal (blue) or distal (red) aspect of the PCL footprint (+ insertion point above fibula head, -insertion point below fibula head) retaining TKA which causes instability at flexion, pain and recurrent effusions, the conversion to a posterior stabilised TKA is an established treatment option [20, 33] . Other authors [18] [6] reported good and excellent clinical results for cruciate retaining TKA regardless of whether the PCL was excised or retained.
The mean tibial cutting error during TKA demonstrated to be 0.5° [11] , and the amount of the tibial slope correlates positively with the probability of PCL disruption [7, 16] .
In a recent cadaver work on 20 subjects, Feyen et al. showed that 68.8 % of the PCL attachment was removed while performing a tibial cut with 9 mm and 3°of posterior slope [7] . Shannon et al. determined the vertical distance between fibula head and PCL preoperatively on MRI in 22 knees and measured postoperatively on lateral view radiographs the distance between fibula head and tibial cutting surface. They had observed in eight cases (36.4 %) a total and in 9 cases (41 %) a partial PCL detachment [26] . Matziolis et al. simulated a 8-mm tibial resection on knee MRI with 0°or 7°of slope and found 45 %±28 % or 69 %±24 % disruption of the footprint in men. A significant gender specific difference was not reported [16] . However their findings should be cautiously used for osteoarthritic deformed knees prior to TKA, since intra-articular landmarks were applied and the age of the patients averaged 37.8 years. In 33 cadaver tibia, Takahashi et al. described the location of the anterolateral bundle to be at the level of the tibial articular surface whilst the midpoint of the posteromedial bundle was located 4,6 mm distally [30] . Other authors noted in anatomical studies the vertical distance between the tibia plateaus and the centre of tibial insertion of PCL to be 10 mm [32] , 2-3 mm [9] and 1.6 mm [10] . The data above-mentioned confirms the findings of Ochsner et al. who had tested the PCL at physiological tension after performing stepwise tibial cuts [19] . A PCL failure was noted if the resection plane averaged 8.6 mm below the articulating surface. Considering the currently available polyethylene inlays and tibial baseplates mostly with a minimum thickness of 8 mm, a thinner tibial resection would shift the joint line proximally. Avoidance of a possible PCL failure without joint line elevation is achievable, if a bone block is left at the posterior tibial margin. However, this more or less popular surgical technique can sometimes be demanding and increases the risk of avulsion fracture.
In cases of severe knee osteoarthritis the reliability of intraarticular landmarks have not been evaluated in the literature. In massive osteoarthritic deformed knee joints the level of the tibia plateau medially or laterally might be in certain cases below the level of the fibula head. Schnurr et al. [23] observed a significant correlation between required tibial resection and pre-operative leg axis. Based on our results we believe a posterior cruciate retaining TKA design is not suitable for knees with severely deformed tibia plateau, since a correction of the leg alignment and maintaining the joint line without tibial wedge augmentation probably result in a total PCL damage. It was not within the scope of this study to quantify the tibia plateau deformity. The influence of body height on PCL location relative to fibula head was not investigated.
The identification of the most proximal point of the fibula head and the most distal point of femoral condyles as anatomical landmarks in AP view radiographs as well as the determined landmarks on MRI are considered reliable.
Conclusion
We were able to describe the fibula head as a useful landmark to map the PCL location pre-operatively and to estimate the probability of its disruption postoperatively on AP-view radiographs. This data can be used to preoperatively judge the possibility of successfully performing cruciate retaining TKA. Currently available routine tibial preparation techniques result in partial or total posterior cruciate ligament removal. Our results might help to clarify whether the hypothesis underlying cruciate retaining TKA is true and the PCL stays in function. 
